Understanding the history of diversification in the North American deserts has long been a goal of biogeographers and evolutionary biologists. Although it appears that a consensus is forming regarding the patterns of diversification in the Nearctic deserts in vertebrate taxa, little work has been done exploring the historical biogeography of widespread invertebrate taxa. Before a robust model of geobiotic change in the North American deserts can be proposed, it needs to be determined whether the same historical events affected vertebrate and invertebrate taxa in the same way. We explore the phylogeographic patterns in a widespread nocturnal wasp genus Dilophotopsis using two rDNA loci, the internal transcribed spacer regions 1 and 2 (ITS1 and ITS2). We use Bayesian phylogenetic analysis and haplotype network analysis to determine whether a consistent geographic pattern exists among species and populations within Dilophotopsis. We also used molecular dating techniques to estimate divergence dates of the major phylogenetic clades. Our analyses indicates that the species-level divergences in Dilophotopsis occurred in the Neogene, and likely were driven by mountain building during the Miocene-Pliocene boundary (approximately 5 Mya) similar to the divergences in many vertebrate taxa. The population-level divergences within species occurred during the Pleistocene (0.1-1.8 Mya). The present study shows that similar patterns of diversification exist in vertebrate and invertebrate taxa.
INTRODUCTION
The diversification of the North American desert biota has been a source of speculation in the fields of evolutionary biology and biogeography for decades. The ever-growing body of work detailing evolution in the Nearctic warm deserts is beginning to show a consistent pattern, with late Neogene uplift playing a central role in diversification (Riddle & Hafner, 2006; Hafner & Riddle, in press ). Often, deep genetic divergences are linked to postulated vicariant events that occurred during the late Neogene. In the hot deserts, two specific events are often credited for driving diversification in desert-adapted taxa. First, the Neogene uplift of the Sierra Madre Occidental, Rocky Mountains, and Colorado Plateau is considered to have fragmented an ancestral arid region leading to genetic divergences between Chihuahuan Desert populations and Sonoran Desert populations, eventually leading to speciation events (Fig. 1A) . Second, the late Neogene extension of the Sea of Cortez, known as the Bouse Embayment, likely vicariantly isolated populations in the western Sonoran and Mojave deserts from populations in the eastern Sonoran Desert, which led to speciation (Fig. 1B) . Phylogeographic analyses of several vertebrate taxa have revealed deep genetic splits that have been linked to these Neogene vicariant events (Morafka, 1977; Jaeger, Riddle & Bradford, 2005; Devitt, 2006; Douglas et al., 2006) . Although the cold desert regions (Great Basin Desert and Colorado Plateau) have not received as much attention as the regional warm deserts, some studies suggest that the cold desert biota may also show consistent historical biogeographic patterns, with Great Basin populations being genetically distinct from neighboring Colorado Plateau populations (Epps, Britten & Rust, 1998; Orange, Riddle & Nickle, 1999) .
The majority of studies investigating the historical biogeography of the North American deserts have been completed using vertebrate taxa (Riddle, 1995; Orange et al., 1999; Riddle, Hafner & Alexander, 2000a; Riddle et al., 2000b; Zink et al., 2001; Jaeger et al., 2005; Devitt, 2006; Douglas et al., 2006; Riddle & Hafner, 2006) . Although some phylogeographic analyses have been performed with invertebrate taxa, particularly arthropods, most of these have focused on local patterns like a single desert or a transition zone between deserts rather than a region-wide analysis (Epps et al., 1998; Smith & Farrell, 2005; Crews & Hedin, 2006) . Ayoub & Riechert (2004) investigated phylogeographic patterns in a widespread desertadapted spider but, because the diversification of this species was linked to Pleistocene climatic cycles, the patterns of divergence cannot be compared with the earlier Neogene diversification events found in the vertebrate taxa.
Phylogeographic analysis using mitochondrial (mt)DNA in arthropod taxa can be difficult as a result of high occurrences of mitochondrial DNA transferred to the nuclear genome (Andrus, 2003; Pamilo, Viljakainen & Vihavainen, 2007; Black & Bernhardt, 2009) . Furthermore, arthropods, particularly insects, are often infected with Wolbachia, a bacteria that can quickly spread throughout a population and cause changes to the dynamics of mitochondrial haplotypes (Werren, 1997) . Although the majority of phylogeographic analyses use mtDNA, several recent studies on invertebrates employ various nuclear genes to uncover intraspecific variation. For example, a phylogeographic study of sea urchins found that the internal transcribed spacer region 2 was more variable at the population level than the mtDNA locus COI (Iuri, Patti & Procaccini, 2007) . Studies on several other taxa have also shown that the internal transcribed spacer regions 1 and 2 (ITS1 and ITS2) are variable at the population level (Rokas et al., 2001; Alvarez & Hoy, 2002; Mavárez et al., 2002; Gómez-Zurita & Vogler, 2003; De la Rúa et al., 2007; Wilson & Pitts, 2008 , 2009 .
Before a generalized model of historical biogeography in the Nearctic deserts can be developed, investigations into the diversification of arid-adapted arthropods must be done and compared to analyses detailing the causes of diversification in vertebrates. One likely arthropod candidate to investigate the biogeographic history of North America's deserts is species of the wasp family Mutillidae. Velvet ants (Hymenoptera: Mutillidae) are solitary wasps that are parasitic on other wasps and bees (Krombein, 1979) . Although the brightly coloured diurnal genera are a well-known component of the desert insect fauna, the species-rich nocturnal groups are not well understood.
One genus of nocturnal velvet ant in particular, Dilophotopsis, is an ideal candidate to uncover information about diversification in the deserts through historical biogeographical analysis as a result of its wide range, being found in the Chihuahuan and Sonoran deserts, as well as the Great Basin, Colorado Plateau, and some surrounding arid shrub-steppe lands (Wilson & Pitts, 2008) . Similar to all velvet ants, females of Dilophotopsis are wingless, which limits their long distance dispersal abilities. Members of this genus do not phoretically copulate, which further limits their dispersal abilities. Also, divergence date estimates for this species can be calibrated through the Dominican amber fossil of a related genus, Dasymutilla.
In the present study, we investigate the biogeographical history of the North American deserts and other arid regions through an analysis of Dilophotopsis to test whether the same historical vicariant events drove diversification in vertebrate, as well as invertebrate taxa. This analysis adds to the current understanding of the diversification of the desert biota in two ways. Because Dilophotopsis is found across the west, an understanding of the history of both the warm and cold deserts can be obtained. Also, genetic divergence events can be dated using fossil calibration points, so a better understanding of causation of diversification can be gained. By comparing patterns of divergence of a wide-ranging arthropod with the patterns observed in numerous vertebrate taxa, a more complete understanding of the causes of diversification in the Nearctic deserts can be gained.
MATERIAL AND METHODS

TAXON SAMPLING
Specimens from each of the three Dilophotopsis species [Dilophotopsis concolor (Cresson), Dilophotopsis paron (Cameron), and Dilophotopsis stenognatha Schuster] were collected from sites across western North America (Table 1 ) from 2002 to 2009 using black light traps and fluorescent lantern traps, and also were collected by hand using forceps. All specimens were placed directly into 95% ethanol and those used for molecular examination have been labelled as voucher specimens and deposited in the Department of Biology Insect Collection, Utah State University [Logan, UT, USA (EMUS)]. Desert and arid land boundaries to discuss species distributions and historical biogeography are altered from Omernik (1987) . Although the Colorado Plateau is not classified as an official desert, to simplify the discussion of historical biogeography, we will discuss it and the Great Basin Desert as both being cold deserts.
MOLECULAR METHODS
Molecular methods including DNA extraction, polymerase chain reaction (PCR), and sequencing followed the protocol outlined in Pilgrim & Pitts (2006) . DNA was extracted, amplified, and sequenced from D. concolor individuals from 25 sites across its range. Sequences were also obtained from D. paron from nine sites and from D. stenognatha from two sites.
Because the fossil to be used for divergence date calibration is of a related genus, rather than use a genetic locus informative only at the population or species-level, a locus was needed that was be able to use the same marker for the population-level analyses as well as the generic-level analyses. The two rDNA internal transcribed spacer regions (ITS1 and ITS2) have been used to discover intraspecific variation in analyses of several velvet ant species (Wilson & Pitts, 2008 , 2009 ). Both ITS1 and ITS2 have also been useful in generic-level analyses of velvet ants (Pitts, Wilson & von Dohlen, 2010) .
Sequences were analyzed with an ABI Prism 377, 3100, or 3730 Genetic Analyzer. Gel electrophoresis of each gene yielded a single band for each individual wasp and the resulting DNA was sequenced cleanly, suggesting no gene heterogeneity as seen in some other organisms (Harris & Crandall, 2000; Parkin & Butlin, 2004; Bower et al., 2008) . PCR products were sequenced in both directions and were combined in SEQUENCHER, version 4.1 (Gene Code Corp.). All sequences were deposited in GenBank (Table 1) . Genetic distances between populations in different desert regions were calculated as pairwise percentages by determining the number of differences (point mutations and insertions or deletions) divided by the number of base pairs of the longer of the two sequences.
PHYLOGENETIC AND NETWORK ANALYSIS
The two genetic loci were subjected to Bayesian analysis using MrBayes, version 3.1.2 (Ronquist & Huelsenbeck, 2003) . Sequences were analyzed as a combined data set, with each gene partitioned separately. Appropriate models of nucleotide substitution were determined in MRMODELTEST, version 2.3 (Nylander, 2004) . Because ITS1 and ITS2 are noncoding regions, insertions and deletions (indels) can be phylogenetically informative and should be included in the analysis (Simmons & Ochoterena, 2000) . Although MrBayes automatically treats all gaps as missing data, we included indels in the analysis by coding them as binary characters (presence/absence of a gap) and including this as a separate data partition (Ronquist, Huelsenbeck & van der Mark, 2005) . Bayesian analyses included four independent runs with three heated chains and one cold chain in each run. The Markov chain Monte Carlo (MCMC) parameters were set for 3000 000 generations and sampled every 100 generations; chains were run until the average standard deviation of the split frequencies dropped below 0.01. The burn-in period for each analysis was removed after graphical determination of stationarity. Several outgroups were included in the analysis. Acrophotopsis eurygnatha and Acrophotopsis campylognatha are closely related to Dilophotopsis (Pitts & McHugh, 2002) and were included. Laminatilla lamellifera was used as a more distant outgroup. In addition to the full phylogenetic analysis, a Bayesian analysis was implemented on a subset of the full data set in order to streamline the molecular dating process. Included in this analysis were D. concolor populations from each major clade, the same outgroups as were used in the full phylogenetic analysis, multiple Dasymutilla species, including Dasymutilla snoworum, Dasymutilla occidentalis, Dasymutilla gloriosa, and a Traumatomutilla species. These additional outgroups were added in order to include a fossil for calibration in the molecular dating analysis.
We constructed a parsimony-based haplotype network using the combined ITS1 and ITS2 sequences for all Dilophotopsis specimens using TCS, version 1.21 (Clement, Posada & Crandall, 2000) . The software estimated the 95% reconnection limit between haplotypes with gaps treated as a fifth character state.
MOLECULAR DATING
Divergence date estimates were calculated for major nodes on the tree using two methods: a penalized likelihood approach to rate smoothing using the software r8s, version 1.71 (Sanderson, 2003) , and a Bayesian MCMC averaging approach to rate smoothing using the software BEAST, version 1.4.8 (Drummond & Rambaut, 2007) . Because there is a disparity of fossils that can be used as calibration points in Mutillidae, two distinct dating methods were used as a way to corroborate the divergence date. Although no fossils are available for Dilophotopsis or any of the nocturnal velvet ants, two fossils from Dominican amber, Dasymutilla dominica and Dasymutilla albifasciatus (Manley & Poinar, 1991 , 2003 were used to calibrate the estimated divergence dates. On the basis of the morphology of these fossils, they are similar to some Dasymutilla species, as well as some Traumatomutilla species.
r8s analysis. The software r8s uses a tree description with branch lengths to estimate divergence dates. The consensus tree that resulted from the pared-down Bayesian analysis was used in the r8s analysis. The most recent common ancestor of the Dasymutilla plus Traumatomutilla clade was constrained to be at least 20 Mya (minage = 20) based on the placement of the fossils and the reported age of Dominican amber (Iturralde-Vinent & MacPhee, 1996) . The root was fixed at 65 Myr based on the estimated maximum age of Mutillidae (Grimaldi & Engel, 2005) , and the penalized likelihood method with the truncated Newton algorithm was implemented to estimate rates and divergence dates.
BEAST analysis. The software BEAST uses the aligned sequence data to generate a tree and estimate divergence dates. The software BEAUti, version 1.4.8 (Drummond & Rambaut, 2007) was used to generate the file used in BEAST with the alignment of the pared-down data set. The most recent common ancestor of the Dasymutilla plus Traumatomutilla clade was constrained to be approximately 20 Mya by giving this node a normally distributed prior with a mean age of 20 Myr and a standard deviation of 1.0. The root node was limited to a mean age of 65 Myr with a standard deviation of 15 Myr based on the estimated age of the family (Grimaldi & Engel, 2005) . A Yule process speciation prior for branching rates was implemented and the general time-reversible model with invariant sites and gamma-distributed rate variation across sites (GTR+I+G) was applied with base frequencies estimated during the analysis. An uncorrelated log-normal model was applied to estimate the relaxed molecular clock because this model places higher prior-density closer to the observed fossil age (Leaché & Mulcahy, 2007) . The analysis was run using the default MCMC parameters.
RESULTS
MOLECULAR AND PHYLOGENETIC RESULTS
The final alignments for the noncoding genes encompassed a total of 1551 bp: 521 for ITS1 and 1030 base pairs for ITS2. A total of 54 indels were present in the ingroup alignment. The best-fit nucleotide substitution model selected for each gene was the general time-reversible model with gamma-distributed rate PHYLOGEOGRAPHY OF DILOPHOTOPSIS 365 variation across sites (GTR+G). Bayesian analysis of the combined dataset produced a well-resolved consensus tree with high posterior probabilities for most of the nodes (Fig. 2) . The Bayesian tree shows the three Dilophotopsis species forming distinct, deeply divergent clades, which are separated by relatively long branch lengths. Within the large clade made up of D. concolor populations, multiple sub-clades are present that correspond to individual deserts or arid lands (Figs 2, 3) . Populations of D. paron show little intraspecific variation, and therefore, have no subclades present among populations. Because of its rarity, only two specimens of D. stenognatha were available for molecular analysis. Both D. stenognatha specimens had identical ITS1 and ITS2 sequences. Wilson & Pitts (2008) found high genetic distances between Dilophotopsis species. The genetic distance of D. concolor populations within a given desert were low (0-0.4% for ITS1 and 0-0.8 % for ITS2). Genetic distances were similar for populations between desert regions (0-1.42% for ITS1 and 0.56-1.05% for ITS2: Table 2 ).
Network analyses showed results similar to the phylogenetic analyses (Fig. 4) . A total of 19 haplotypes were found among Dilophotopsis species (1 haplotype for D. stenognatha: 3 for D. paron, and 15 for D. concolor). The haplotypes differed greatly between species and formed three distinct networks (D. stenognatha is not shown because the two individuals shared identical haplotypes).
MOLECULAR DATING
The Bayesian analysis of the pared-down dataset with additional outgroups showed the same relationships as the full phylogenetic analysis except for the cold desert clades in D. concolor (Fig. 5) . Although all three cold desert clades were present (western Great Basin, eastern Great Basin, and Colorado Plateau), there was no resolution among these clades and so divergence dates were only estimated for the node connecting the eastern Great Basin clade with the western Great Basin plus Colorado Plateau clade (Fig. 5) .
Both dating analyses suggested the divergences separating species occurred during the period of mountain building in the late Neogene. Results from the r8s analysis indicated that the species-level splits were between 3.2-3.8 Mya. Results from the BEAST analysis suggested a slightly older dates for the species-level divergences (4.6-6.9 Mya). BEAST also provides 95% credible intervals for each estimated date. The older dates on the tree had a larger range of credible dates. In BEAST, the first Dilophotopsis species to diverge, D. paron, was given a divergence date of 6.9 Mya (95% credibility: 4.1-10.8 Mya). The second species divergence, the split between D. concolor and D. stenognatha, was estimated to occur at 4.6 Mya (95% credibility: 3.2-9 Mya). The divergences between D. concolor populations all occurred in the Pleistocene, with the divergence between Chihuahuan Desert clades from the rest of the populations dated to 0.7 Mya (95% credibility: 0.4-1.8 Mya). Similarly, the split between Sonoran Desert populations and the cold desert clades was dated to 0.3 Mya (95% credibility: 0.3-1.1 Mya). Finally, the divergence between cold desert clades was dated to 0.17 Mya (95% credibility: 0.17-0.7 Mya). Both analyses suggested the divergences among populations of D. concolor were a result of Pleistocene climatic cycles with dates in the range 0.1-0.7 Mya from BEAST and from 0.2-0.5 Mya from r8s. Because the relationships among Dilophotopsis species are not particularly well supported (0.85 posterior probability), we will consider the relationships among species unknown and estimate the divergence date between all species between 3.2-6.9 Mya (the range of dates given for both divergences in either dating analysis).
DISCUSSION NEOGENE VICARIANCE AND THE DIVERSIFICATION
OF DILOPHOTOPSIS The phylogeny of Dilophotopsis, along with the estimated divergence dates, clearly indicates that the species-level divergences occurred during the late Neogene, specifically near the Miocene/Pliocene boundary (Fig. 5) . Diversification in several other arid-adapted taxa has been linked to this general time (Jaeger et al., 2005; Devitt, 2006; Douglas et al., 2006) . The species of Dilophotopsis show a pattern similar to many vertebrate taxa, with different groups, restricted to eastern and western deserts. In Dilophotopsis, D. concolor ranges from the Chihuahuan Desert through the Colorado Plateau and the Great Basin, D. stenognatha is restricted to the Sonoran Desert, and D. paron is found only in the Peninsular Desert of Baja California, the western Sonoran, and the Mojave Desert.
Two major Neogene vicariant events have often been credited for driving diversification in aridadapted taxa inhabiting the warm deserts, the uplift of the Continental Divide (Rocky Mountain-Sierra Madre Occidental axis), and the enlargement of the Gulf of California, often called the Bouse Sea (Morafka, 1977; Riddle & Hafner, 2006) . Because there is no clear description of exactly when these geological events took place, any evolutionary events associated with dates from approximately 2 Mya to approximately 15 Mya could likely be attributed to mountain building and aridification in western North America Figure 2. Consensus tree of Bayesian analysis of the combined internal transcribed spacer 1 and 2 sequences. Numbers at each branch represent posterior probabilities. Symbols following species names correspond to symbols on the map of North American deserts and arid lands (Fig. 2) and mark populations forming distinct clades. The numbers within each symbol correspond to the 'map location' in Table 1 , which gives the exact collection location of each specimen.
The phylogeny of Dilophotopsis suggests that both the expansion of the Bouse Sea and the uplift of the Continental Divide were influential in the diversification of this genus. Based on the estimated divergence dates for the genus, and their similarities to the reported dates for the expansion of the Bouse Sea , the isolation of D. paron in the Peninsular, western Sonoran, and Mojave deserts is likely a result of this historical vicariant event.
Because of difficulty in obtaining fresh specimens from Mexico, we do not have any D. paron specimens in our phylogeny from Baja California, and so it is unclear whether these populations would be nested within the western Sonaran and Mojave populations, Symbols indicate the arid land in which the specimen was collected and correspond to Fig. 1 and Table 1 . Arid land boundaries are as described by Omernik (1987) with some changes sensu Ricketts et al. (1999) . Specifically, the Snake River Plain and Northern Basin and Range have been combined into one region; also, the northern and southern Colorado Plateau have been combined. or whether they would form a distinct monophyletic clade. The isolation of D. stenognatha in the Sonoran Desert could also be a result of the vicariance in the late Neogene. The presence of the Bouse Sea to the west, and the uplift of the Continental Divide to the east could have isolated ancestral populations, driving the evolution of D. stenognatha. Lastly, during the late Neogene uplift events, ancestral populations could have been isolated in the newly formed Chihuahuan Desert east of the Continental Divide, driving the evolution of D. concolor. The expansion of this species into the cold desert regions will be discussed in the following section. This analysis of Dilophotopsis provides strong evidence that, similar to many arid-adapted vertebrates, species level diversification in North American desert arthropods was driven by late Neogene uplift, specifically the enlargement of the Bouse Sea and the uplift of the Continental Divide. Although genetic isolation and speciation can be linked to host switches (Sorenson, Sefc & Payne, 2003) , this does not appear to be the case for Dilophotopsis because each species is likely a generalist predator given their variation in body size (Wilson & Pitts, 2008) . Furthermore, diversification of several other arid-adapted nocturnal velvet ant species, in addition to Dilophotopsis, has been linked to Neogene uplift events PLEISTOCENE CLIMATIC FLUCTUATIONS AND DIVERSIFICATION WITHIN D. CONCOLOR Warm deserts Klicka & Zink (1997) suggested that, although Pleistocene climate change affected distributional and population-level species dynamics, the importance of these climatic oscillations to the macroevolutionary dynamics is debatable. Our analysis of diversification in Dilophotopsis supports this idea. All of the specieslevel divergences within Dilophotopsis are strongly associated with Neogene vicariant events; however, the Pleistocene climatic cycles did play a major role in the population-level divergences within the widespread species D. concolor (Figs 2, 5) .
The isolation of separate populations into specific desert regions was likely a result of range reduction and expansion experienced during Pleistocene glacial and interglacial cycles. The polytomy (three-way split) at the base of the D. concolor clade suggests uncertainty in the relationships between the Chihuahuan Desert clade and the Southern Texas Plains clade. As in D. paron, obtaining fresh specimens from Mexico is difficult, although increased sampling from northern Mexico could help resolve this polytomy. Regardless of the uncertainty among the Chihuahuan Desert clade and the Southern Texas Plains clade, the most likely cause for the formation of these distinct clades is isolation in separate glacial refugia. Although parts of the Chihuahuan Desert were covered with a mesic woodland during the Pleistocene (MacKay & Elias, 1992; Pendall, Betancourt & Leavitt, 1999; Holmgren et al., 2003) , multiple desert refugia also existed (Elias, Van Devender & de Baca, 1995) . During the warming of the Pleistocene interglacial cycles, the Chihuahuan Desert D. concolor populations expanded north and west, eventually spreading to the eastern Sonoran Desert region.
The border between the Sonoran and Chihuahuan deserts is far from distinct. Ricketts et al. (1999) suggest the Chihuahuan Desert reaches as far west as Santa Cruz County in Arizona. Omernik (1987) , on the other hand, describes the Chihuahuan Desert scarcely reaching the eastern border of Arizona, with the entire south-eastern corner of Arizona designated as Madrean Archipeligo as a result of its similarities with the Sierra Madre Mountains in Mexico. During the warming of the Pleistocene interglacials, the Chihuahuan Desert became connected to the Sonoran Desert through a relatively low elevation area in the Continental Divide often referred to as the Cochise filter-barrier (Morafka, 1977) , particularly in an area in south-western New Mexico called the Deming Plains (Hafner & Riddle, in press ). The Deming The phylogeographic patterns among D. concolor populations show that a genetic divergence occurred between populations in the Chihuahuan and Sonoran deserts (Figs 2, 4) . We attempted to find phylogeographic evidence of the Deming Plains being the point of contact between these populations by sampling across the entire Plain and into the Madrean Archipelago region of south-western Arizona (Fig. 3) . On the basis of this analysis, the Deming Plain is not where the genetic divergence occurred; all individuals from the Deming Plain were genetically identical, or almost identical, to Chihuahuan Desert populations. Even individuals collected 75 km west of the Arizona/ New Mexico border were genetically aligned with Chihuahuan Desert populations. Because D. concolor is uncommon in the Sonoran Desert, only being found in the easternmost areas bordering with the Madrean Archipelago (Wilson & Pitts, 2008) , we were only able to include one individual from this area in our analysis. This individual, however, was genetically distinct from the Chihuahuan populations and may represent a Madrean Archipelago clade. Increased sampling from south-eastern Arizona and northern Mexico would likely clarify the relationship between the Chihuahuan Desert clade and the Sonoran/Madrean clade. Although the Deming Plain does not appear to be the point of contact between divergent D. concolor clades, the Cochise filter-barrier, which in its broadest sense stretches from the Baboquivari Mountains of south-central Arizona through the Demming Plains to the Rio Grande in New Mexico (Hafner & Riddle, in press) , played an important role in the development of the phylogeographic patterns of this species.
Cold deserts
Although, the processes influencing diversification in the warm deserts have been well studied, less work has been carried out on the historical biogeography of the cold deserts. Some studies have investigated phylogeographic patterns within the Great Basin Desert, finding a genetic split between populations on the eastern half of the desert and the western half (Epps et al., 1998; Orange et al., 1999) . Riddle & Honeycutt (1990) , through a study of grasshopper mice, found that Great Basin populations were aligned with the Columbia Plateau to the north, and that populations et al., 2005) . Although the Colorado Plateau shares many biotic similarities with the Great Basin Desert (Ricketts et al., 1999) , these areas do harbour genetically distinct populations. As in many vertebrate taxa, the phylogeographic patterns of D. concolor populations inhabiting the cold deserts were influenced by the cyclic nature of the Pleistocene climate changes. There are three distinct cold desert lineages in D. concolor: one in the eastern Great Basin, one in the western Great Basin, and one in the Colorado Plateau. The formation of these lineages is likely the result of recent range expansion events from glacial refugia. An ecological niche model based on a different species of nocturnal velvet ant found in the cold deserts suggests that glacial age refugia could have existed in the northwestern Mojave Desert in the low valleys around Death Valley, in the north-eastern Mojave Desert along the Virgin River in north-western Arizona and south-western Utah, and in several canyon bottoms in the Colorado Plateau (J. Wilson, unpubl. data) . It is likely that these same areas also provided glacial refugia for many other cold desert-adapted species. Expansion from possible Mojave refugia into the lowelevation western Great Basin (the Lahontan Basin) and the low-elevation eastern Great Basin (the Bonneville Basin) could have resulted in isolated groups separated by the relatively higher areas in the central Great Basin. In D. concolor, the phylogeographic patterns suggest that the eastern Great Basin populations are more closely related to the Colorado Plateau populations than they are to the western Great Basin populations. Because south-western Utah is a unique area where the Colorado Plateau, the Great Basin Desert, and the Mojave Desert meet, range expansion from the eastern Mojave refugium north into the Bonneville Basin and north-east into the Colorado Plateau could have caused the formation of two separate populations on either side of the Wasatch Mountains. The increased structuring of sub-clades within the Colorado Plateau clade compared to either Great Basin clade could be the result of isolation into several refugia in the canyon bottoms and low elevation valleys in the Colorado Plateau during the late Pleistocene, which may have led to genetic isolation during the glacial cycles. An in-depth phylogeographic analysis, with increased sampling of these populations, is needed to fully investigate the effect of Pleistocene glacial cycles on D. concolor populations isolated to a specific desert region.
Recent range expansion from the deserts to other arid regions is apparent from haplotypes matching desert populations being found in other regions. For example, a specimen collected near the Bruneau Sand Dunes in the Snake River Plain of south-western Idaho phylogenetically matches the western Great Basin populations. Another specimen collected in southern Idaho, near City of Rocks National Preserve, has identical ITS1 and ITS2 haplotypes to individuals from the eastern Great Basin clade. A specimen from the Wyoming shrub-steppe, near Green River Wyoming, is genetically identical to several individuals from the Colorado Plateau, indicating recent range expansion into this northern region. Lastly, an individual collected near Chimney Rock National Historic Site, Nebraska, shares ITS1 and ITS2 haplotypes with individuals from the Chihuahuan desert in Texas, indicating recent range expansion.
CONCLUSIONS: UNDERSTANDING THE DIVERSIFICATION IN THE NEARCTIC DESERT BIOTA As more data become available, it is becoming clear that a majority of the species-level diversity within the arid lands of North America is associated with Neogene mountain building events, rather than Pleistocene climatic oscillations. For example, studies of multiple newts and salamanders (Tan & Wake, 1995; Shaffer et al., 2004) , toads (Jaeger et al., 2005) , several species of snake (Devitt, 2006; Douglas et al., 2006) , birds (Klicka & Zink, 1997) , and mice (Riddle, 1995) , as well as plants (Moore & Jansen, 2006) , suggest that major diversification in these lineages occurred well before the Pleistocene, and was likely driven by drying, which was caused by mountain uplift. Although it is clear that the Pleistocene climatic shift affected the distributions and population structure of numerous species, there is little evidence that these climatic cycles played as much of a role in speciation within arid-adapted taxa.
The phyogeography of Dilophotopsis supports the postulation that Neogene mountain building was the major cause of diversification among arid-adapted species. Pleistocene climatic changes, although not contributing to the species-level diversity in this group, did have a major effect on the distributions and population-level diversity within D. concolor. This represents one of the first analyses of a widespread invertebrate taxon in the arid lands of North America and suggests that additional analyses using invertebrates will add to the understanding of the historical biogeography of the region. 
